Mitogen-activated protein kinase (MAPK) pathways are involved in several signal transduction processes in eukaryotes. Light signal transduction pathways have been extensively studied in plants; however, the connection between MAPK and light signaling pathways is currently unknown. Here, we show that MKK3-MPK6 is activated by blue light in a MYC2-dependent manner. MPK6 physically interacts with and phosphorylates a basic helix-loop-helix transcription factor, MYC2, and is phosphorylated by a MAPK kinase, MKK3. Furthermore, MYC2 binds to the MPK6 promoter and regulates its expression in a feedback regulatory mechanism in blue light signaling. We present mutational and physiological studies that illustrate the function of the MKK3-MPK6-MYC2 module in Arabidopsis thaliana seedling development and provide a revised mechanistic view of photomorphogenesis.
INTRODUCTION
Plants have evolved an intricate molecular network consisting of light sensing photoreceptors, downstream signaling components, and protein degradation machinery to sense the dark-light transitions (Jiao et al., 2007) . This network regulates Arabidopsis thaliana seedling growth with two contrasting developmental patterns in the presence and absence of light (Nagy and Schäfer, 2002; Chen and Chory, 2011; Li et al., 2011) . Dark-grown seedlings, which have elongated hypocotyls and closed cotyledons with apical hooks, undergo skotomorphogenic growth. Upon exposure to light, plants switch to photomorphogenic growth, during which hypocotyl growth slows down, cotyledons expand, and chlorophyll biosynthesis takes place. Transcriptional regulatory networks play a key role in mediating light signaling through the coordinated activation and repression of a large number of downstream genes (Ma et al., 2001) .
The activities of several plant transcription factors that function in light-regulated gene expression are modulated by phosphorylation and dephosphorylation. The phosphorylation of the Arabidopsis G-BOX BINIDING FACTOR1 (GBF1), a bZIP transcription factor by CKII from broccoli (Brassica oleracea), increases its affinity for the G-Box (Klimczak et al., 1992) . A well-conserved putative CKII phosphorylation site was also found to be located at the N terminus of another bZIP protein, ELONGATED HYPOCOTYL5 (HY5) (Oyama et al., 1997) , indicating that phosphorylation may affect HY5 abundance and activity. Subsequent reports show that HY5 is phosphorylated by a lightregulated kinase in its CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) binding domain, probably by CKII (Hardtke et al., 2000) . The phosphorylated and unphosphorylated forms differ in their activity, affinity for target promoters, and degradation. Similarly, the protein abundance of LONG HYPOCOTYL IN FAR-RED1 (HFR1), a basic helix-loop-helix (bHLH) transcription factor, is tightly controlled by phosphorylation and light (Duek et al., 2004; Park et al., 2008) . CKII is also known to phosphorylate PHYTOCROME INTERACTING FACTOR1 (PIF1), a negative regulator of photomorphogenesis, which in turn enhances the lightinduced degradation of PIF1 to promote photomorphogenesis (Bu et al., 2011) .
The mitogen-activated protein kinase (MAPK) cascade is considered to be one of the major signaling systems in eukaryotes (Rodriguez et al., 2010) . In plants, the MAPK cascade is involved in various biotic and abiotic stress responses, hormone responses, cell division, and developmental processes (Colcombet and Hirt, 2008; Sinha et al., 2011) . MPK3 and MPK6 of group A and MPK4 of group B are the most extensively studied MAPKs in Arabidopsis (Fiil et al., 2009; Andreason and Ellis, 2010) . Although the physiological functions of MAPKs in response to external stimuli have been extensively characterized, only a few substrates have been identified. The phosphorylation of ACS6 (1-aminocyclopropane-1-carboxylic acid synthase-6) occurs via three phosphorylation sites by MPK6 and precedes the accumulation of ACS6 and ethylene production (Joo et al., 2008) . Dual phosphorylation by the MKK9-MPK3/6 cascade was observed to modulate ETHYLENE INSENSITIVE3 (EIN3) activity during ethylene signaling (Yoo et al., 2008) . Additionally, an interaction between the ETHYLENE RE-SPONSE FACTOR104 (ERF104) transcription factor and MPK6 was detected in vivo, and the release of ERF104 from MPK6 in the nucleus was required for rapid ethylene signaling (Bethke et al., 2009) . A large number of putative MAPK substrates were reported using high-throughput protein microarrays (Feilner et al., 2005; Popescu et al., 2009) . The identification of phosphorylation sites in the potential substrates of the MAPKs is important for understanding their physiological significance. Phosphorylation of transcription factors by MAPKs can modulate their levels and activities (Tootle and Rebay, 2005) . The bHLH transcription factor SPEECHLESS was found to be an in vitro substrate for phosphorylation by the MAPKs (MPK3 and MPK6) (Lampard et al., 2008) . ZAT10, a C2H2-type zinc finger transcription factor from Arabidopsis, was identified as a substrate of Arabidopsis MPK3 and MPK6 (MPK3/6) (Nguyen et al., 2012) . Recently, it has been reported in rice that a salt-responsive transcription factor, SERF1, binds to the promoter of MAP3K6 and MAPK5 and that SERF1 is also a phosphorylation target of MAPK5 (Schmidt et al., 2013) .
Arabidopsis MYC2/ZBF1, a bHLH transcription factor, acts as a negative regulator of blue light-mediated photomorphogenic growth and blue-and far-red-light-regulated gene expression (Yadav et al., 2005) . Although MYC2 acts as a negative regulator in cryptochrome-mediated seedling development, it promotes root growth and flowering time and thereby works as both a positive and negative regulator of light signaling (Yadav et al., 2005; Prasad et al., 2012; Gangappa et al., 2013a) . Recent studies have also shown that MYC2 regulates SUPPRESOR OF PHYA-105 (SPA1), an associated factor of COP1 ubiquitin ligase in photomorphogenesis . MYC2 exhibits crosstalk with multiple signaling pathways, such as jasmonic acid (JA), abscisic acid, auxin, ethylene, and gibberellic acid pathways (Kazan and Manners, 2012; Gangappa et al., 2013b) . Originally isolated as JIN1/JAI1 (JASMONATE INSENSITIVE1), MYC2/ZBF1 differentially regulates the expression of two groups of JA-induced genes; one group includes genes involved in defense responses against pathogens, which is repressed by MYC2. The second group integrates genes involved in JA-mediated systemic responses to wounding, which is activated by MYC2. Therefore, MYC2 acts as both a positive and negative regulator of JA signaling pathways (Lorenzo et al., 2004; Kazan and Manners, 2011) . MYC2 is expressed in the dark and at various wavelengths of light at the seedling stage, and abscisic acid-and JA-mediated induction further increases MYC2 expression (Abe et al., 2003; Anderson et al., 2004; Lorenzo et al., 2004; Yadav et al., 2005) . Lower levels of MYC2 accumulation have been reported in the absence of JA (Zhai et al., 2013) . A recent report by Chico et al. (2014) shows that MYC2 levels are regulated by the circadian clock, as previously reported by Shin et al. (2012) , which shows the involvement of a circadian clock component TIME FOR COFFEE in MYC2 protein regulation. Whereas MYC2 directly represses the expression of PLT1 and PLT2 during jasmonatemediated regulation of the root stem cell niche, it positively regulates the expression of TPS21 and TPS11 in a gibberellic acid-dependent manner Hong et al., 2012) . Recently, the interactions between MYC2 and the ethyleneactivated transcription factor EIN3 were shown to be involved in hook opening responses; MYC2 represses the DNA binding activity of EIN3 and hence limits the ethylene-induced apical hook curvature responses Zhang et al., 2014) .
The JA-activated MAPK cascade comprising MKK3-MPK6 has been reported to negatively regulate MYC2-mediated JAdependent gene expression and root growth sensitivity (Takahashi et al., 2007) . Although the involvement of MAPK pathways in seedling growth and development has been suggested (Lu et al., 2002; Takahashi et al., 2007) , the connection between light signaling pathways and MAPK is currently unknown. In this study, we investigated the possible connection between light and MAPK pathways via MYC2 function. We report that MPK6 is activated by MKK3 in blue light (BL) and that this process is MYC2 dependent. Our study demonstrates that MPK6 physically interacts with and phosphorylates MYC2. We also show that MYC2 interacts with the promoter of MPK6 to regulate its expression. These results collectively highlight the involvement of a feedback regulatory mechanism in the signaling process.
RESULTS

MYC2 Interacts with the Promoter of MPK6 and Regulates Its Expression
To gain insight into the involvement of MAPKs, especially MKK3 and MPK6, in BL signaling and whether the process is MYC2 dependent, we monitored the transcript levels of MAPKs and MAPKK by quantitative real-time PCR in BL. As shown in Figure  1A , the expression of MPK6 and MKK3, however not MPK3, was increased ;2-fold in myc2 mutants relative to the wild type in BL. These results indicate that MYC2 negatively regulates the expression of MPK6 and MKK3 in BL.
To determine whether MYC2 has a direct role in the regulation of MPK6 expression, we performed electrophoretic mobility shift assays (EMSAs). The in silico analysis detected the presence of a (nearest to start site) E-box (CACATG) cis-acting element ;180 bp upstream of the MPK6 promoter ( Figure 1B ). We performed EMSA using purified glutathione S-transferase (GST)-MYC2 fusion protein and the 78-bp promoter region (2122 to 2199 bp) of MPK6 containing the single E-box. To examine the specificity of this DNA-protein interaction, we used a mutated version of this E-box (mE-box: ACCACA) ( Figure 1B ). As shown in Figure 1C , GST alone did not show any binding activity (lane 2); however, a low mobility DNA-protein complex was formed with GST-MYC2 (lane 3) and that was competed out by 50 or 100 molar excess of unlabeled MPK6 promoter fragment (lanes 4 and 5) containing this E-box. However, the mE-box fragment was not able to compete with the DNA-protein interaction (lane 6). We also screened for the presence of another E-box in the MPK6 promoter and found an adjacent E-box (E1-box) at the 2229 bp position, relative to the ATG start codon. We performed EMSA using purified GST-MYC2 fusion protein and the 57-bp MPK6 promoter region (2199 to 2255 bp) containing the E1-box. MYC2 was unable to bind to the E1-box (Supplemental Figures 1A and 1B) . These results together suggest that MYC2 binds to the E-box of the MPK6 promoter, which is nearest to the ATG start site.
To further examine the binding of MYC2 to the MPK6 promoter in vivo, we performed chromatin immunoprecipitation (ChIP) experiments. Ten-day-old transgenic Arabidopsis seedlings grown under constant BL (30 mmol m 22 s 21 ) and overexpressing MYC2 fused to three copies of the c-Myc epitope (MYC2OE) were used in the study. The MYC2-cMyc fusion protein in transgenic plants was immunoprecipitated using the c-Myc antibody. Coimmunoprecipitated (B) Wild-type (E-box) and mutated (mE-box) E-box containing MPK6 promoter fragments used for the gel shift assays. (C) Electrophoretic mobility shift (gel shift) assays showing that MYC2 specifically binds to the E box (2181 to 2186 bp upstream of ATG). Approximately 500 ng of recombinant protein was added (lanes 3 to 6) to the radioactively labeled 78-bp MPK6 promoter fragment containing the E-box. No protein was added in lane 1, and 500 ng of GST protein was added in lane 2. The 50 and 100 molar excess of wild type E-box containing promoter fragment was added in lanes 4 and 5, and 100 molar excess of mutated E-box containing promoter fragment was added in lane 6 as competitors. The plus and minus signs indicate the presence or absence of competitors, GST-MYC2, or GST. genomic DNA with MYC2 was analyzed by RT-PCR and quantitative PCR (qPCR). As shown in Figure 1D , amplification specific to the MPK6 promoter region occurred only in the transgenic MYC2OE plants, but not in the wild type or CAM3-cMyc overexpressor transgenic lines (CAM3OE), which served as the negative control (Abbas et al., 2014) . Furthermore, the qPCR analysis revealed that the amount of DNA fragment of the MPK6 promoter coimmunoprecipitated from the transgenic MYC2OE line was ;7-fold enriched compared with the wild type or CAM3OE line ( Figure 1E ). Similar results were obtained with dark-to-BL grown seedlings (Supplemental Figures 2B and 2E ). Transgenic MYC2OE seedlings grown under constant darkness or red light (60 mmol m 22 s 21 ) grown did not show amplification specific to the MPK6 promoter region (Supplemental Figures 2A and 2D, and 2C and 2F, respectively) . Thus, binding of MYC2 to the MPK6 promoter specifically occurs when the plant is grown in BL. Taken together, these results suggest that MYC2 binds to the promoter of MPK6 and negatively regulates its expression in blue light.
Since MYC2 also negatively regulates the expression of MKK3 in BL, we examined the MKK3 promoter for the presence of the E-box. We detected an E-box 2715 bp from the start site (E-box nearest to the start site). ChIP assays were performed to determine the possible binding of MYC2 to the 74-bp MKK3 promoter region (2657 to 2730 bp). It was found that MYC2 did not bind to this E-box on the MKK3 promoter. Thus, the regulation of MKK3 may not be through direct binding of MYC2 to the MKK3 promoter (Supplemental Figure 3) .
BL-Mediated Activation of MPK6 Is MYC2 Dependent
Since MYC2 negatively regulates the transcript accumulation of MPK6 in BL, we asked whether MPK6 was specifically activated in response to BL in a MYC2-dependent manner. To investigate this possibility, we performed an immunoblot analysis of crude protein extracts from Columbia (Col), myc2, and MYC2OE lines grown in darkness for 6 d and then exposed to BL for 1 and 10 min. Proteins were transferred on to the membrane and probed with pTEpY antibody followed by anti-rabbit secondary antibody ( Figure  2A ). Interestingly, BL activated MAPKs within 10 min in the wildtype plants. However, myc2 lines did not show such activity ( Figure  2A ). On the other hand, the MYC2OE line had drastically higher activation of MAPKs, even in the control samples (dark-grown seedlings). The overexpression of MYC2, which also binds to and regulates the promoter of MPK6, might account for the high activity in darkness. To substantiate this finding, we performed ingel kinase assays using Col, myc2, and MYC2OE lines grown in darkness for 6 d and then exposed to BL for 1 and 10 min. The MAPK activity was analyzed using MBP (Myelin Basic Protein), an artificial substrate used to analyze the activity of MAPKs. Interestingly, we found that BL activated MBP phosphorylating protein kinase activity within 10 min in the wild-type plants. However, myc2 lines did not show such activity (Supplemental Figure 4A ). On the other hand, the MYC2OE line had drastically higher activity, even in the control samples (dark-grown seedlings). These results suggest Lower panel shows immunoblot analysis with anti-MPK3 using 20 mg of total protein as loading control. that a MAPK is activated in BL and that this activation is likely to be MYC2 dependent.
Next, to determine which MAPK was specifically activated in BL and whether the activation was MYC2 dependent, immunoprecipitation (IP) assays were performed using pTEpY antibody followed by immunoblot analysis with MPK6 antibody. The wild type and MYC2OE lines exposed to BL showed a band at 46 kD corresponding to MPK6, whereas this activation was not seen in the myc2 background ( Figure 2B ). To examine whether this activation was BL specific, we performed similar experiments in which the seedlings were grown in darkness and then exposed to red light (RL). However, no differential activation was observed in Col, myc2, and MYC2OE backgrounds in RL. These results indicate that the specific activation of MPK6 was MYC2 dependent in BL ( Figure 2C ). To further substantiate this result, we performed similar experiments using MPK3 antibody. However, no signal corresponding to MPK3 was detected ( Figure 2D ), thereby indicating that MPK6 is specifically activated in BL in a MYC2-dependent manner. We also repeated the same experiment using antiphosphotyrosine antibody (4G10) followed by immunoblot analysis with MPK6 antibody, and a similar trend was observed (Supplemental Figures 4B to 4D ).
MKK3 Activates MPK6 in a BL-Dependent Manner
The involvement of MKK3 upstream of MPK6 in JA signaling has already been reported (Takahashi et al., 2007) . Since our IP assays indicate that MPK6 is activated in response to BL, we wanted to investigate the involvement of MKK3 in BL signaling. For this, we performed IP assays, in which Col and mkk3 lines were grown in darkness for 6 d and exposed to BL for 1 and 10 min. The immunoprecipitation was performed with pTEpY antibody, followed by immunoblot analysis with MPK6 antibody. Signals corresponding to MPK6 activation were observed in BLexposed wild-type samples; however, it was not detected either in the dark-or BL-exposed mkk3 background ( Figure 3A) . These results suggest that MKK3 activates MPK6 in response to BL. To further test whether MKK3-mediated activation of MPK6 is BL specific, we conducted similar experiments where the seedlings were exposed to RL. However, the MPK6 phosphorylation was observed both in wild type and in mkk3 mutant samples ( Figure  3B ). The experiments were repeated by immunoprecipitating with antiphosphotyrosine antibody (4G10), followed by immunoblot analysis with MPK6 antibody, and similar results were obtained (Supplemental Figures 5A and 5B ). These results, taken together, suggest that MKK3-mediated activation of MPK6 is BL specific.
MYC2 Is Phosphorylated by MPK6
Several earlier reports on light signaling pathways in Arabidopsis suggest that phosphorylation of transcription factors such as GBF1, HY5, and HFR1 influences their functional activity (Klimczak et al., 1992; Hardtke et al., 2000; Duek et al., 2004) . In most of these phosphorylation events, casein kinase II has been found to be the kinase involved. Recent studies have suggested that MYC2 phosphorylation at Thr-328 is likely to be functionally coupled with proteolysis and its action to regulate JA-responsive gene transcription (Zhai et al., 2013) . However, the kinase involved in the process remains unknown. In this study, since MPK6 phosphorylation and activation were found to be MYC2 dependent, we also wanted to test the phosphorylation of MYC2 by MPK6. To investigate this, an in-solution kinase assay was performed using bacterially expressed MPK6-His and GST-MYC2 protein. The 623-amino acid full-length MYC2/ZBF1 protein was scanned using the Net-Phos K software (Blom et al., 1999) for any putative MPK6 target phosphorylation site. This analysis revealed four putative phosphosites, namely, Ser-123, Thr-287, Thr-328, and Ser-330. These residues were then substituted by Ala individually in each protein as S123A, T287A, T328A, or S330A. The wild type and different site-directed mutant versions of GST-MYC2 protein were used as substrates. GST-MYC2 protein with Ser-123 replaced with Ala (GST-MYC2 M1) did not produce a phosphorylation signal. These results suggest that MPK6 phosphorylates MYC2 at Ser-123 ( Figure 4A , lane 2). A control experiment was performed to examine the autophosphorylation of bacterially expressed MPK6 ( Figure 4B , lane 1) and to show that it could phosphorylate MBP ( Figure 4B , lane 2), while GST served as a negative control ( Figure 4B, lane 3) .
To substantiate this finding further, plant protein was used for immunoprecipitation of MPK6 using anti-MPK6 antibody followed by in-solution kinase assays using GST-MYC2 and various mutants of GST-MYC2 protein as substrate. In this assay, Arabidopsis wild-type (Col) seedlings were grown in dark for 6 d and then exposed to BL for 10 min. A phosphorylating signal corresponding to the molecular weight of GST-MYC2 was observed, indicating that activated immunoprecipitated MPK6 phosphorylated MYC2 ( Figure 4C , lane 1, and lanes 3 to 5). The mutated GST-MYC2 M1 protein with the S123A mutation did not show any phosphorylation signal. These observations suggest that Ser-123 is the site of MYC2 phosphorylation by activated MPK6 in BL. Autophosphorylation of MPK6 was seen in all lanes ( Figure 4C , lanes 1 to 5). To further substantiate that the phosphorylation of MYC2 by MPK6 is BL dependent and that specifically MPK6 is targeting MYC2, immunoprecipitation of MPK6 was performed from Col seedlings grown in constant dark and also from the mpk6 mutant exposed to BL (30 mmol m 22 s 21 ). We found that (A) In vitro kinase assay using bacterially expressed MPK6-His and GST-MYC2 (wild-type protein and different site-directed mutagenized versions, i.e., M1-M4 of MYC2 protein, lanes 1 to 5, respectively). GST-MYC2 M1 protein has Ser-123 replaced with Ala, bM2 has Thr-287 replaced with Ala, M3 has Thr-328 replaced with Ala, and M4 has Ser-330 replaced with Ala. Lower panel shows PAGE-blue stained gel showing position of different proteins. (B) Affinity-purified proteins (MPK6-His and GST) were expressed in Escherichia coli. MPK6-His was incubated alone or in combination with GST or MBP in the kinase reaction mixture to check their phosphorylation by MPK6. The plus and minus signs indicate the presence and absence of proteins, respectively. Aliquots of the samples were separated by SDS-PAGE and subjected to autoradiography. Lower panel shows the PAGE-blue stained gel with the position of different proteins indicated (arrows). (C) In vitro phosphorylation assay using plant protein. Arabidopsis wild-type (Col) seedlings grown in dark and then exposed to BL (30 mmol m 22 s 21 ) for 10 min. Immunoprecipitation of crude protein (300 mg) with anti-MPK6 followed by incubation with GST-MYC2 as substrate (wild type or mutated, lanes 1 to 5, respectively) in the kinase reaction mixture to determine phosphorylation activity. PAGE-blue stained gel, with the position of different proteins indicated (arrows). (D) Immunoprecipitation of MPK6 from Arabidopsis wild-type (Col) seedlings grown in constant darkness (lane 1) and Col and mpk6 seedlings grown in darkness for 6 d and then exposed to BL (30 mmol m 22 s 21 ) for 10 min (lanes 2 and 3, respectively), followed by incubation with GST-MYC2 as substrate in the kinase reaction mixture to determine phosphorylation activity. PAGE-blue stained gel, with the position of different proteins indicated (arrows).
MPK6 immunoprecipitated from BL-exposed Col seedlings, but not from wild-type or mpk6 seedlings exposed to constant darkness, could phosphorylate MYC2 ( Figure 4D , lane 2) in an in vitro phosphorylation assay ( Figure 4D, lanes 1 and 3,  respectively) .
MYC2
Genetically Interacts with MPK6 and MKK3 in BL-Mediated Photomorphogenic Growth MYC2 encodes a bHLH transcription factor that plays a predominant role in BL-mediated photomorphogenic growth (Yadav et al., 2005; Gangappa et al., 2010a; Prasad et al., 2012) . Since MKK3-MPK6 is found to be molecularly connected to MYC2 in a BL-specific manner, we wanted to determine the physiological significance of such an interaction. We generated two sets of double mutants, namely, myc2 mpk6 and myc2 mkk3 through genetic crosses and examined the morphology of the mutant seedlings in darkness and under different light conditions. Hypocotyl measurement of 6-d-old dark-grown seedlings revealed that mkk3 and mpk6 single mutants had weak and strong photomorphogenic phenotypes, respectively, in comparison with the wild type (Col), whereas myc2 mutants displayed a hypocotyl length similar to that of the wild type. Analysis of double mutants revealed that additional mutation of myc2 suppressed the weak and strong phenotype of mkk3 and mpk6, respectively, in darkness ( Figure  5A ). Examination of hypocotyl length of 6-d-old seedlings in white light (WL) revealed that all the three single mutants, mkk3, mpk6, and myc2, had significantly shorter hypocotyls than did the wild type. The myc2 mkk3 double mutants displayed significantly shorter hypocotyls than did their respective single mutants, suggesting that the function of MYC2 and MKK3 is additive for the suppression of WL-mediated inhibition of hypocotyl elongation. However, myc2 mpk6 double mutants displayed similar hypocotyl length to myc2 single mutants, suggesting that MYC2 functions downstream of MPK6 to regulate hypocotyl growth ( Figure 5B ). Under BL, all three single mutants, myc2, mkk3, and mpk6, displayed shorter hypocotyls than the corresponding wild type ( Figure 5C ). The myc2 mkk3 and myc2 mpk6 double mutants displayed similar hypocotyl length to myc2 single mutants in BL, suggesting that MYC2 functions downstream of MKK3 and MPK6 to regulate BL-mediated hypocotyl growth ( Figure 5C ).
We next examined the morphology of 6-d-old seedlings grown in RL. The mpk6 mutants displayed significantly shorter hypocotyls than the wild type; however, the hypocotyls of the myc2 and mkk3 mutants did not differ from those of the wild type (Supplemental Figure 6A) . The myc2 mpk6 double mutants displayed similar hypocotyl lengths as the wild type in RL, suggesting that the additional mutation in MYC2 suppresses the mpk6 phenotypes in RL (Supplemental Figure 6A) . Measurement of hypocotyl length in far-red light showed that mpk6 and mkk3 mutants had significantly shorter hypocotyls than the wild type (Supplemental Figure 6B) . The myc2 mpk6 and myc2 mkk3 double mutants displayed similar hypocotyl lengths as mpk6 and mkk3, respectively, suggesting that the additional mutation in MYC2 does not affect the mpk6 and mkk3 phenotypes in far-red light (Supplemental Figure 6B) .
The MKK3-MPK6-MYC2-Mediated Regulation of LightInducible Genes and HY5, GBF1, and SPA1 Expression MYC2 represses BL-mediated expression of light-inducible genes (Yadav et al., 2005) . We monitored the expression of lightinducible genes such as CAB1, RBCS-1A, and CHS in various single and double mutants. For these experiments, dark-grown seedlings were transferred to BL for 4 and 8 h, and the transcript levels were monitored by quantitative real-time PCR. MYC2 and MPK6 function in an additive manner to regulate the expression of CAB, RBCS, and CHS in BL. Similar results were obtained when chlorophyll a/b content or anthocyanin content was analyzed in these mutants under BL (Figures 5D and 5E ). As shown in Figures  6A to 6C , myc2 and mpk6 mutants accumulated higher amounts of CAB1, RBCS-1A, and CHS transcripts than did the wild type. However, the transcript levels of these gens remained similar in wild-type and mkk3 mutant backgrounds. The level of CAB1, RBCS-1A, and CHS transcripts drastically increased in myc2 mpk6 double mutants.
To determine whether the MKK3-MPK6-MYC2 pathway regulates the expression of the regulatory genes of light signaling pathways, we examined the transcript levels of HY5 (a key positive regulator at various wavelengths of light), GBF1 (a bZIP transcription factor that acts as a negative regulator of blue light), and SPA1 (a negative regulator, known to work in concert with MYC2) (Chattopadhyay et al., 1998; Mallappa et al., 2006 Mallappa et al., , 2008 Gangappa et al., 2010a) in various single and double mutants of myc2, mkk3, and mpk6. HY5 expression was strongly increased in myc2 mutants; however, it was suppressed in the mkk3 mutant background after an 8-h exposure to BL. Mutation of MPK6 did not affect HY5 expression. The level of expression of HY5 in myc2 mpk6 and myc2 mkk3 double mutants was found to be similar to that in the wild-type background, suggesting an antagonistic relationship between MYC2 with MPK6 and MKK3 in the regulation of HY5 expression ( Figure 6D ). GBF1 expression was elevated in myc2 and mpk6 mutants at 8 h. There was no significant difference in the expression of GBF1 in the mkk3 mutant background compared with the wild type. The level of GBF1 expression in the myc2 mpk6 and myc2 mkk3 double mutants remained similar to that in the wild-type background, thereby suggesting an antagonistic relationship between MYC2 with MPK6 and MKK3 in the regulation of GBF1 expression ( Figure 6E ). The expression of SPA1 was drastically increased in the myc2 and mpk6 mutants. Moreover, SPA1 expression was increased significantly in mkk3 mutants. The myc2 mkk3 double mutants showed similar levels of SPA1 as the myc2 mutant background. However, the level of expression was further increased in myc2 mpk6 double mutants compared with the single mutants ( Figure 6F ). Therefore, MYC2 antagonistically regulates MKK3 and MPK6 in the regulation of HY5 and GBF1 expression, whereas MYC2 acts additively with MPK6 in the regulation of SPA1.
MYC2 Functions Downstream to MKK3 and MPK6 in JA-Mediated Root Growth Inhibition
Whereas myc2 mutants are less sensitive, mpk6 and mkk3 mutants are hypersensitive to JA-mediated root growth inhibition (Yadav et al., 2005; Takahashi et al., 2007) . We examined the JAmediated root growth response in myc2 mkk3 and myc2 mpk6 double mutants after 10, 12, 14, and 16 d in constant BL (Supplemental Figure 7A ) and constant WL (Supplemental Figure  7B) . The root phenotype of myc2 mpk6 resembled that of myc2. The root length of myc2 mkk3 was also found to be comparable to that of myc2; however, no difference in root length was observed among different mutants in the absence of JA application. These results suggest that myc2 is epistatic to mkk3 and mpk6 in JA-mediated root growth inhibition in BL and WL.
To determine how the expression of JA-regulated genes is affected in myc2 mkk3 and myc2 mpk6 double mutants, we used qPCR analysis to examine the expression of VSP2 (Vegetative Storage Protein-2) and b-CHI (b-Chitinase), which are involved in JA signaling pathways (Boter et al., 2004; Lorenzo et al., 2004) . Whereas the JA-mediated induction of b-CHI was drastically reduced in mkk3 and mpk6 mutants, the expression of b-CHI was induced by JA treatment in myc2 single mutants. The level of b-CHI expression in myc2 mkk3 and myc2 mpk6 double mutants was similar to that in myc2 mutants (Supplemental Figure 8A) . Our qPCR analysis suggested that JA treatment induced VSP2 expression in the wild type and mkk3 and mpk6 single mutants, but not in myc2. In myc2 mkk3 and myc2 mpk6 double mutants, the expression of VSP2 was found to be similar to that in myc2 (Supplemental Figure 8B) . These results together with the root growth studies suggest that MYC2 functions downstream of MKK3 and MPK6 in JA-mediated root growth inhibition.
MYC2 Physically Interacts with MPK6
The phosphorylation of MYC2/ZBF1 by MPK6 indicates direct interactions between these two proteins. To examine the physical interactions between MYC2 and MPK6, we performed in vitro pull-down assays. GST or GST-MYC2 bound to glutathione beads was incubated individually with equimolar amounts of MPK6-His protein. The beads were subsequently washed and immunoblot analysis was performed using anti-MPK6 antibody. MPK6 was retained by GST-MYC2 protein, but not in the column containing GST alone ( Figure 7A ). These results indicate direct protein-protein interaction between MYC2 and MPK6 in vitro. To further investigate the interaction between MYC2 and MPK6, we performed coimmunoprecipitation assays using total plant protein extract. The total plant protein extract prepared from the MYC2-cMyc overexpresser transgenic seedlings exposed to 1 or 10 min of BL was immunoprecipitated using protein-A agarose beads coupled to c-Myc antibody. Immunoblot analysis was performed using anti-MPK6 antibody. MYC2OE seedlings treated with BL for 1 and 10 min exhibited bands corresponding to MPK6, suggesting that MYC2 interacts with MPK6 in planta ( Figure 7B ).
To further substantiate the physical interactions between MPK6 and MYC2, we performed bimolecular fluorescence complementation (BiFC) experiments. Full-length MPK6 coding sequence (CDS) was fused to the N terminus of YFP in the pUC-SPYNE vector, and MYC2 full-length CDS was fused to the C terminus of YFP in the pUC-SPYCE vector. These constructs were cobombarded into onion epidermal cells along with the pCAMBIA 1302 vector, which has a green fluorescent protein (GFP) tag and was used as a positive control for transformation ( Figure 7C, a) . The interaction between MPK6 and MYC2 produced strong YFP fluorescence in the nucleus ( Figure 7C, b) . The bright-field image and image merged with fluorescence confirm the nuclei positions ( Figure 7C, c and d) . Taken together, these results demonstrate that MPK6 physically interacts with MYC2 in vivo. Cotransfection of empty BiFC vectors ( Figure 7C , e to h), cotransfection of the MPK6-YFP n-ter construct and empty YFP c-ter vector ( Figure  7C , i to l), cotransfection of the empty YFP n-ter vector and MYC2 YFP c-ter construct ( Figure 7C , m to p), and cotransfection of the MPK6-YFP n-ter and MYC2-YFP c-ter constructs (constant dark) ( Figure 7C , q to t), respectively, served as controls.
DISCUSSION
MYC2 is a bHLH transcription factor, which acts as a negative regulator of BL-mediated photomorphogenic growth in BL (Yadav et al., 2005; . This study provides evidence that MYC2 works in concert with the MKK3-MPK6 module in (A) In vitro binding of MYC2 and MPK6. GST or GST-MYC2 bound to GST beads was incubated with equimolar amounts of MPK6-His protein. SDS-PAGE was performed followed by immunoblot analysis with anti-MPK6 antibody. Supernatant (20 mL) was loaded and immunoblot was performed with MPK6 antibody and GST antibody to show the amounts of bait and prey present, respectively. (B) In vivo binding of MYC2 to MPK6. Coimmunoprecipitation of dark-grown Col (10 min) and MYC2OE lines (0, 1, and 10 min) exposed to BL (30 mmol m 22 s 21 ). Total protein was incubated with anti-cMyc antibody coupled to protein A agarose beads. SDS-PAGE followed by immunoblot analysis with anti-MPK6. Total protein (50 mg) was loaded and probed with anti-MPK6 and anti-cMyc antibody to show bait and prey amounts, respectively. a feedback loop mechanism to regulate BL-mediated photomorphogenic growth and gene expression. While the MKK3-MPK6 module phosphorylates MYC2, MYC2 specifically interacts with the MPK6 promoter and regulates its expression. Furthermore, this study demonstrates that the activation of MPK6 in BL is MYC2 dependent.
The JA-inducible expression of MYC2/JIN1 and VSP2 genes has been shown to be increased in either mkk3 or mpk6 mutants, but reduced in either MKK3 or MPK6 overexpresser transgenic lines. Based on these gene expression and JA-mediated root growth inhibition studies, the MKK3-MPK6 cascade has been shown to negatively regulate the JA-mediated responses of MYC2 (Takahashi et al., 2007) . Since MYC2 acts as a point of crosstalk in multiple signaling pathways, including light and JA responses, we investigated the possible involvement of MAPK signaling components and MYC2 in response to light. Our quantitative real-time PCR studies suggest that MYC2 negatively regulates the transcript accumulation of both MPK6 and MKK3. Furthermore, the in-gel kinase assays demonstrate that MAPKs are activated in response to BL and this activation is MYC2 dependent. The immunoblot analyses with pTEpY antibody and the IP kinase assays specifically demonstrate that the activation of MPK6 in BL is MYC2 dependent. Thus, on one hand MYC2 negatively regulates the transcript accumulation of MKK3 and MPK6; on the other hand, it positively affects the activation of MPK6 in BL. The IP experiments involving mkk3 mutant show that BL induces the activation of MKK3, which further activates downstream MPK6. Once activated, MPK6 phosphorylates MYC2, and at the same time MYC2 is involved in the regulation of MPK6 in BL. In jasmonate signal-induced plant immunity, MYC2 is phosphorylated at the T328 motif for its proteolysis (Zhai et al., 2013) . It is evident from our study that MPK6 phosphorylates MYC2. We found that out of four putative MAPK phosphorylation motifs present in MYC2, S123 is specifically phosphorylated by MPK6. This observation indicates that MPK6 is not involved in phosphorylation-coupled proteolysis of MYC2; rather, it activates MYC2 by phosphorylating it at S123. Therefore, a feedback loop mechanism operates in which MYC2 regulates the expression of MPK6 in BL, and the activated MPK6 phosphorylates MYC2. Interdependent and independent networks of phosphorylation have been demonstrated in eukaryotes. For example, a complex interdependent phosphorylation system has been shown to function in ChK2 activity in cellular DNA damage repair (Guo et al., 2010) .
The mpk6 single mutants had shorter hypocotyls than did wildtype seedlings in BL, WL, and RL as well as in dark conditions. Both the mkk3 and mpk6 single mutants showed shorter hypocotyls in BL and genetically interact with myc2. These results suggest the involvement of MKK3 and MPK6 in photomorphogenic growth in a pathway mediated by MYC2. Analysis of expression of light-inducible genes suggests that MKK3 function is dependent of MYC2, whereas MPK6 is likely to function independently of MYC2 to regulate CAB, RBCS, and CHS expression either in dark-or BL-grown seedlings. Thus, MPK6-mediated regulation of hypocotyl growth depends on MYC2; however, MPK6-mediated expression of light-inducible genes is independent of MYC2. The VSP2 and b-CHI gene expression studies also support the previously reported observation that MYC2 functions downstream of the MKK3-MPK6 module in JA signaling pathways (Takahashi et al., 2007) .
The coimmunoprecipitation and BiFC assays demonstrate the physical interactions between MYC2 and MPK6. The DNAprotein interaction studies by gel shift assays show that MYC2 directly binds to the E-box at the 2199 bp position, but not to the E-box present further upstream (2230 bp) of the MPK6 promoter. This binding activity is further substantiated by the ChIP assays. Moreover, the ChIP experiments with constant BL and dark-to-BL grown samples demonstrate that the process of MYC2 binding to the MPK6 promoter is BL specific. The protein-protein interaction studies suggest that MYC2 and MPK6 physically interact with each other. Thus, on one hand, MPK6 regulates the activity of MYC2 by phosphorylation, whereas on the other hand, MYC2 binds to the promoter of MPK6 and regulates its transcription. The IP assays show that MKK3 activates MPK6 in BL, and further that the activation of MPK6 in BL is MYC2 dependent. Collectively, it is tempting to speculate that in the absence of downstream substrate (MYC2), MKK3 does not phosphorylate MPK6. Once MYC2 is phosphorylated by MPK6, the phosphorylated MYC2 may bind to the MPK6 promoter and negatively regulate its expression ( Figure 7D) . A similar phenomenon has been reported in rice (Oryza sativa), where a salt-responsive transcription factor, ERF1, binds to the promoter of MAP3K6 and MAPK5, while MAPK5 in turn phosphorylates and activates ERF1 (Schmidt et al., 2013) . Recent studies have shown that the proteasomal activity is important for MYC2 function. In other words, MYC2 proteolysis is tightly linked to its transcriptional activity (Zhai et al., 2013) . Therefore, a feedback loop regulation operates between MYC2 and MPK6 in BL. Taken together, this study demonstrates that MYC2 acts as a point of crosstalk between MAPK and light signaling pathways. 
METHODS
Plant Material and Growth Conditions
Seeds were surface-sterilized (2% sodium hypochlorite and 0.02% Triton X-100 solution), plated on the Murashige and Skoog (MS) medium, and kept in dark at 4°C for stratification. The seedlings were grown for 6 d in darkness and then exposed to BL (30 mmol m 22 s 21 ) or RL (60 mmol m 22 s 21 ) for the indicated periods of time. To generate myc2 mpk6 and myc2 mkk3 double mutants, mpk6-2 and mkk3-1 mutant seeds were obtained from ABRC and made homozygous. myc2-3 mutant plants were crossed individually with mpk6-2 and mkk3-1 mutants. To determine the genotype at the MYC2 locus, seeds were plated on MS (kanamycin, 25 mg/mL) and the seedlings that had kanamycin resistance were further tested for MPK6 or MKK3 mutation by genomic PCR using gene-specific and T-DNAspecific primers (Supplemental Table 1 ). To study the root growth response to methyl jasmonate, different genotypes (Col and single and double mutants) were plated on MS without (control) or with 20 mM of methyl jasmonate (Sigma-Aldrich). Plates were photographed and root length was measured on 10, 12, 14, and 16 d after germination.
Gene Expression Analysis
Wild-type and different mutant seedlings were grown in the dark for 6 d and then given light or JA treatment for specific time periods. The total RNA was extracted using the RNeasy plant mini kit (Qiagen). cDNA was synthesized from 1 µg of total RNA using RT-AMV reverse transcriptase (Titan One Tube RT-PCR System; Roche Applied Science). Real-time PCR analyses were performed using the Thermal Cycler Applied Biosystem Step One and Light Cycler Fast start DNA Masterplus SYBR Green 1 systems (Roche Applied Science). The fold expression of different genes was determined using gene-specific primers. The common 2 2ΔΔCT algorithm was used to analyze the relative changes in gene expression. Actin2, a housekeeping gene that is assumed to be uniformly expressed in all samples, was used as the internal control. ΔCt value is calculated by normalizing samples Ct to Actin2 Ct values. This value for different samples was then normalized to Ct value of the experimental control (such as wild-type Col dark-grown samples as in Figure 1A ), and the ΔΔCt value was obtained. Fold expression was calculated by the formula, 2 2ΔΔCT , which was plotted on the graph.
Electrophoretic Mobility Shift (Gel Shift) Assay
GST-MYC2 and GST were induced and overexpressed in Escherichia coli and affinity purified following the manufacturer's protocol (Amersham Biosciences). The MPK6 and MKK3 promoter fragment containing the E-boxes was amplified, cloned in pBluescript SK+ digested with XbaI and HindIII, purified, and 39 end-labeled with [a-32 P]dCTP for use as a probe for the DNA binding assays. Approximately 25 ng of labeled DNA fragment was incubated with purified GST-MYC2 or GST alone (100 ng) in the presence of 1 µg of poly dI-dC and 13 binding buffer (75 mM HEPES, pH 7.5, 350 mM KCl, 2.5 mM EDTA, 10% glycerol, 5 mM DTT, and 10 mM MgCl 2 ) in a reaction volume of 30 mL for 30 min at room temperature. Competition assays were performed using 50 and 100 molar excess of cold E-box and 100 molar excess of mutated E-box containing MPK6 promoter fragments. The reactions were fractionated on a native polyacrylamide gel (10% acrylamide, 0.53 TBE, and 2.5% glycerol), dried, and autoradiographed.
ChIP Assays
The ChIP assays were performed as described by Gangappa et al. (2010a) with some modifications. Transgenic (MYC2-cMyc and CAM3-cMyc) and nontransgenic wild-type lines were used for the experiment. Dark-grown samples were grown in continuous dark conditions for 10 d, and BL-and RL-grown samples were grown in continuous BL (30 mmol m 22 s 21 ) and continuous RL (60 mmol m 22 s 21 ), respectively, for 10 d. Dark-to-blue light or dark-adapted samples were grown for 4 d in continuous BL (to obtain more tissue as dark-grown seedlings yield very little tissue), followed by 6 d in darkness, and then exposed for 10 min to BL (30 mmol m 22 s 21 ). The immunoprecipitated products were subjected to real-time PCR analysis for examining the relative enrichment of the promoter fragment using Light Cycler Fast-Start DNA Masterplus SYBR Green1 (Roche) using primers that were used to amplify the promoter fragment in gel shift assay. The c-Myc polyclonal antibodies (Sigma-Aldrich) were used for the immunoprecipitation experiments.
In-Gel Kinase Assay and IP Assay
For in-gel and IP assay, Arabidopsis thaliana seedlings (control and treated) were homogenized in MAPK extraction buffer (50 mM HEPES-KOH, pH 7.6, 5 mM EDTA, 5 mM EGTA, 10 mM DTT, 10 mM Na 3 VO 4 , 10 mM NaF, 50 mM b-glycerophosphate, 10% glycerol, 7.5% PVPP, 1 mM phenylmethylsulfonyl fluoride, and 13 plant protease inhibitor). The protocol followed was as described in Rao et al. (2011) . Anti-pTEpY from Cell Signaling Technology was used for immunoprecipitation. Rabbit polyclonal anti-MPK6 and anti-MPK3 antibodies were obtained from Sigma-Aldrich.
Phosphorylation Assays of MYC2
To establish the phosphorylation status of MYC2 by MPK6, an in-solution kinase assay was performed using GST-MYC2 and MPK6-His fusion proteins expressed in bacteria and MPK6 protein immunoprecipitated from Arabidopsis plants. Arabidopsis wild type (Col) plants were homogenized in MAPK extraction buffer. Total protein extract (300 mg) was incubated overnight with anti-MPK6 antibody at 4°C, followed by incubation with protein-A sepharose beads for 2 h the next day. After several washes, beads with immunoprecipitated MPK6 were subjected to an in-solution kinase assay. The beads were incubated with GST (control) and GST-MYC2 (in the ratio of 1:3) as substrate, in a reaction mix that contained radiolabeled [g-32 P]ATP for 30 min at 28°C. The beads were then denatured and run on 12% SDS-PAGE. The gel was stained using PAGE-blue protein staining solution (Fermentas) to show the position of different proteins in the gel. For the mutated GST-MYC2 protein, different primers were used for site-directed mutagenesis by inverse PCR. The pGEX4T-2 clone harboring the wild-type MYC2 insert was used as a template for inverse PCR. The PCR product was digested with DpnI restriction enzyme. The digested product was used for E. coli BL21 transformation and protein expression. The mutated proteins were purified and further used for in vitro kinase assay.
In Vitro Binding Assays
DNA fragment encoding full-length MYC2 was cloned into pGEX-4T2 vector to yield a fusion with the GST protein. GST-MYC2 was overexpressed and purified from bacteria using Glutathione sepharose 4B beads (Amersham Biosciences). The MPK6 CDS was cloned into the pET-20b (+) vector with a 63 His tag at the C-terminal end of the protein. MPK6-His protein was overexpressed and purified from bacteria using Ni-NTA agarose beads (Qiagen). For the in vitro binding experiment, GST and GST-MYC2 prey proteins were bound to glutathione beads by incubation in phosphate buffered saline (pH 7.4) for 3 h at 4°C. Excess unbound protein was washed off and MPK6-His bait protein was added in an equimolar ratio to all reactions and incubated overnight in 300 mL binding buffer (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM PMSF, and 13 protease inhibitors cocktail [Sigma-Aldrich]) at 4°C. The next day, glutathione beads were collected by brief centrifugation and (supernatant was collected separately and saved for further analysis) washed thrice with 1 mL of wash buffer (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 10% glycerol, and 0.075% Tween 20). The pellet was resuspended in 13 SDS loading buffer, boiled for 10 min, and analyzed by SDA-PAGE for protein binding. Both pellet and supernatant (5%) were analyzed by probing with anti-MPK6 antibody.
Coimmunoprecipitation Assays
Total protein from wild-type and MYC2-overexpresser (with c-Myc tag) lines was extracted from seedlings grown in constant darkness for 6 d or exposed to BL (30 mmol m 22 s 21 ) for required time points, in a buffer containing 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 13 protease inhibitors cocktail (Sigma-Aldrich). Cell debris was removed by centrifugation at 10,000g for 10 min. Total protein concentration was estimated by the Bradford assay (Sigma-Aldrich). One milligram of protein from both the wild type and MYC2OE was incubated overnight with anti-c-Myc antibodies at 4°C. The next day, beads and supernatant were collected separately by brief centrifugation and beads were washed three times with 1 mL of wash buffer (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 10% glycerol, and 0.075% Tween 20). The pellet was resuspended in 13 SDS loading buffer, boiled for 10 min, and analyzed by SDS-PAGE for protein binding. Both pellet and supernatant (5%) were analyzed by probing with anti-MPK6 antibody. Immunoblot analysis of plant protein with anti-c-Myc antibody was performed to show the prey protein.
BiFC Experiment
For BiFC experiments, full-length CDS of MPK6 was cloned in the pUC-SPYNE vector at BamHI and SalI sites to obtain MPK6-YFP n-ter fusion protein. Similarly, the full-length CDS of MYC2 was cloned in pUC-SPYCE at SpeI and ClaI sites to obtain MYC2-YFP c-ter fusion protein. For transient expression, particle bombardment was performed as described by Singh et al. (2012) . After bombardment, the plates were exposed to BL (30 mmol m 22 s 21 ) for 24 h before confocal imaging. A confocal scanning microscope (Leica TCS SP2 AOBS system) with YFP filters was used for imaging. The fluorescent excitations using an argon laser source at 514 nm while emissions of 527 nm was used. The dark treatment plates were kept in constant darkness for 48 h before confocal imaging. The GFP fluorescence of the pCAMBIA-1302 vector was used as a marker for transformed cells.
Chlorophyll and Anthocyanin Estimation
Chlorophyll and anthocyanin levels were measured following protocols as described by Holm et al. (2002) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: MYC2 (At1g32640), MPK6 (At2g43790), MKK3 (At5g40440), CAB1 (At1g29930), RBCS1A (At1g67090), CHS (At5g13930), bCHI (At3g12500), VSP2 (At5g24770), HY5 (At5g11260), GBF1 (At4g36730), SPA1 (At2g46340), and Actin2 (At3g18780).
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